Bernard-Soulier syndrome is a very rare form of inherited thrombocytopenia that derives from mutations in GPIbα, GPIbb, or GPIX and is typically inherited as a recessive disease. However, some years ago it was shown that the monoallelic c.515C>T transition in the GPIBA gene (Bolzano mutation) was responsible for macrothrombocytopenia in a few Italian patients.
Introduction
Bernard-Soulier syndrome (BSS) is an inherited, nonsyndromic platelet disorder that is characterized by quantitative and qualitative platelet defects. BSS is caused by mutations in the genes for glycoprotein (GP) Ibα, GPIb and GPIX, which result in defective GPIb/IX/V complex expression on the platelet surface and/or a reduced ability of GPIbα to interact with von Willebrand factor (vWF). 1 BSS is considered to be an exceedingly rare disease because it affects less than one subject per million people. 2 The syndrome has been historically described as an autosomal recessive disease, and more than 50 different mutations have been identified in homozygous or double-heterozygous patients (Bernard-Soulier Syndrome Website and Registry). 3 However, a few reports have suggested that BSS may occasionally be transmitted in an autosomaldominant fashion. [4] [5] [6] In 2001, we described six Italian families that had been previously diagnosed with Mediterranean macrothrombocytopenia and had the monoallelic c.515C>T transition in the GPIBA gene; 7 this genetic mutation results in a p.Ala156Val substitution (Bolzano mutation), which reduces the ability of GPIbα to interact with vWF. 8 Since 2001, we have included the search for monoallelic Bolzano mutation among the diagnostic tests for subjects with non-syndromic, inherited thrombocytopenias. We report here 103 new patients with the monoallelic Bolzano mutation and describe their clinical symptoms and laboratory findings. Moreover, we present data suggesting that this mutation originated in an ancestral individual in southern Italy.
Design and Methods

Patients
We enrolled 216 patients in this study who were referred to the IRCCS Policlinico San Matteo Foundation of Pavia or to the Department of Pediatrics of the Second University of Naples between 2001 and 2010 because of a dominant, non-syndromic form of inherited thrombocytopenia of unknown origin.
The institutional review boards of both institutions approved the study, and all patients gave written informed consent in accordance with the Declaration of Helsinki.
Genetic analyses
DNA isolation
Genomic DNA was isolated from blood samples that were anticoagulated with ethylene-diamine-tetra-acetic acid (EDTA) according to standard blood collection procedures.
Mutation screening
To detect the c.515C>T transition, polymerase chain reaction (PCR) products were amplified from genomic DNA with the primers 1F (5'-CCCTGCGTGGTCTTGGCA-3') and 1R (5'-ATA-GAGGATCTCACAGTTGC-3'); the amplicons were subsequently digested with the restriction enzyme HpaI, as previously described. 7 
Haplotype analysis
The haplotypes were derived by analyzing two polymorphic intragenic markers: the single nucleotide polymorphism (SNP) rs6065 and a variable number of tandem repeats (VNTR) locus. The SNP locus was amplified with the primers 2F (5'-ACACTTCACATGACTCCAT-3') and 1R, and the PCR product was sequenced with an ABI PRISM 3130xl (Applied Biosystems). The VNTR locus was amplified with the primers 2F and 2R (5'-GGGTCATTTCTGGA GCTCTC-3'), and the amplicon was analyzed on a 2.5% agarose gel.
b1-tubulin polymorphism
The b1-tubulin gene (TUBB1) region that includes exon 2 and the double base-pair substitution (AG to CC at nucleotide positions 130-131), which encodes for the Q43P mutant form of the protein, was PCR amplified with a primer set described previously. 9 The polymorphism was genotyped by PvuII (Fermentas, Vilnius, Lithuania) restriction digestion and electrophoresis on a 10% acrylamide gel.
Bleeding tendency
The bleeding tendency was measured according to the World Health Organization (WHO) bleeding scale (grade 0, no bleeding; grade 1, petechiae; grade 2, mild blood loss; grade 3, gross blood loss; and grade 4, debilitating blood loss).
Platelet count
EDTA-anticoagulated blood samples were used to determine the platelet count, which was performed within 2 h of drawing blood. The Sysmex XE-2100 ® (Sysmex Corporation, Kobe, Japan) analyzer was used to measure the platelet count based on the impedance method. In some patients the platelet count was also measured with an ADVIA 120 ® counter (Bayer, Tarrytown, NY, USA), which uses two-dimensional laser light-scatter, as well as by manual platelet counting with an optical microscopy in a Neubauer chamber as recommended by the International Committee for Standardization in Haematology. 10
Platelet size
The mean platelet volume was measured in parallel with the platelet count with the two analyzers described above. The platelet diameter was measured by optical microscopy on May-Grünwald-Giemsa-stained peripheral blood films, and the pictures were analyzed with Axio-vision 4.5 ® software (Carl Zeiss, Göttingen, Germany). 11 The blood smears were prepared from non-anticoagulated blood, and the largest diameter of each platelet was measured. The mean platelet diameter was calculated from 200 different cell measurements.
Platelet aggregation
To analyze in vitro platelet aggregation, blood was collected in 3.8% (w/v) sodium citrate (blood:anticoagulant ratio 9:1). To minimize the loss of denser platelets, platelet-rich plasma (PRP) was obtained by sedimentation of the blood at 1 g for 20 to 30 min. Platelet aggregation was evaluated by the densitometric method according to Born, 12 after stimulating the PRP with collagen (4 mg/mL) (Mascia Brunelli, Milan, Italy), adenosine diphosphate (ADP 5 mM, Sigma-Aldrich, St. Louis, MO, USA) or ristocetin (1.5 mg/mL, Sigma-Aldrich). Platelets that did not aggregate in response to ristocetin 1.5 mg/mL were also tested with a higher dose (3 mg/mL). The extent of platelet aggregation was measured 5 min after the addition of the stimulating agents, and the results obtained for the patients were compared to the normal range in our laboratory.
Platelet flow cytometry
The PRP obtained from EDTA-anticoagulated blood was used for flow cytometric analysis of surface platelet glycoprotein expression as previously reported. 7 The platelets were incubated with the following monoclonal antibodies: SZ2 (Immunotech, Marseille, France) and MB45 (CLB, Amsterdam, the Netherlands), which bind GPIbα (CD42b); SZ1 (Immunotech), which binds GPIX (CD42a); SW16 (CLB), which binds GPV (CD42d); SZ21 (Immunotech), which binds GPIIIa (b3/CD61); P2 (Immunotech), which binds GPIIb (αIIb) when it is correctly complexed with GPIIIa; and Gi9 (Immunotech), which binds GPIa (CD49b). MO2 was used as a negative control. MO2 and a fluorescein isothiocyanate-conjugated goat anti-mouse IgG were purchased from Coulter (Coulter Corporation, Miami, USA). Fluorescent antibody staining of the platelets was analyzed with an Epics XL flow cytometer (Coulter).
Serum thrombopoietin levels
The serum thrombopoietin level was determined with a commercially available ELISA kit (Quantikine Human TPO Immunoassay, R&D Systems, Minneapolis, USA) according to the manufacturer's instructions. The detection limits of this assay are between 7 and 2,000 pg/mL of serum. For the purposes of this study, a value of 6.9 pg/mL was assigned to samples in which the thrombopoietin concentration was lower than the detection limit.
Statistical analysis
Continuous data are presented as means, standard deviations (SD), and ranges. Categorical variables are reported as counts and percentages. Laboratory parameters were compared with the mean value of the reference population with a parametric test for paired values (Student's t test).
Results
Genetic studies
Mutation screening
Screening for the c.515C>T mutation in 216 affected individuals with a non-syndromic, autosomal-dominant form of macrothrombocytopenia identified 42 carriers. Genetic molecular testing in all of the available relatives indicated that this mutation was present in 61 additional individuals, all of whom had low platelet counts as measured by the impedance cell counter. The platelet count was normal in all of the relatives who did not have the Bolzano mutation.
Haplotype analysis
To determine whether the mutation occurred as a unique mutational event, we genotyped two polymorphic loci flanking the c.515C>T mutation: the SNP rs6065 (C>T), which is responsible for a threonine to methionine mutation at amino acid 145 of the human platelet antigen 2 (HPA2) protein, and a size polymorphism in the GP1BA coding region that contains a VNTR ranging in size from one to four repeats of 39 nucleotides (alleles A, 4 tandem repeats, to D, one tandem repeat). 13 In five families in which both of the parents of the patient were analyzed, all of the affected individuals shared the same haplotype (T-T-B), which suggests a common ancestral chromosome. Moreover, genotyping of 74 patients from the other pedigrees showed that two of them were homozygous for the T allele of SNP rs6065 and the B variant of the VNTR; the remaining patients were all carriers of at least one T allele of SNP rs6065 and B variant of the VNTR. Since the frequency of the T allele of SNP rs6065 and the B variant of VNTR in European populations is 10% and 12%, respectively, while the frequency of the C variant of SNP rs6065 and the A variant of VNTR is 81% and 7%, respectively (HapMap), all patients are likely to share the same mutated haplotype. b1-tubulin polymorphism b1-tubulin plays a role in proplatelet formation, 14 as well as in maintaining the discoid platelet shape and platelet function. The mutant b1-tubulin protein Gln43Pro has been associated with abnormal platelet morphology, in vitro defects of platelet function, 9 and an increased risk of intracerebral hemorrhage. 15 We hypothesized that this mutation may cause the variation in platelet count, platelet size and bleeding tendency observed in subjects with the Bolzano mutation (see below). We, therefore, genotyped all patients carrying the Bolzano mutation and identified 22 homozygotes and 81 heterozygotes for the Gln43Pro mutation. However, there was no significant difference in the mean platelet diameter, the degree of thrombocytopenia or the bleeding score between these two genotypes (data not shown).
Clinical picture
Fifty-three patients with the Bolzano mutation were female and 50 were male. Thirty-two families were native to southern Italy, mostly from Campania and Sicily, while the remaining 10 families were apparently from northern Italy. The patients' mean age was 33 years (range, 1-93 years). Prior to identification of the genetic etiology of thrombocytopenia, 13 patients were diagnosed as suffering from immune thrombocytopenia and five of them were treated with steroids, intravenous immunoglobulins and/or splenectomy.
The patients' bleeding tendency was measured according to the WHO bleeding scale and is reported in Table 1 . The bleeding scores were quite variable, with 41.7% of the cases presenting recurrent, spontaneous hemorrhage. None of the patients experienced abnormal bleeding associated with dental extractions or minor/major surgery. Epistaxis, gum bleeding, easy bruising and menorrhagia were the most common symptoms. Severe hemorrhagic episodes included rectal bleeding that required a platelet transfusion (one patient), post-traumatic brain hemorrhage (one patient), epistaxis requiring medical intervention (two patients), and post-partum hemorrhage requiring surgical intervention (one patient). Sixty patients (58.2%) had no history of bleeding. Overall, 19 women delivered 32 children (vaginal and Cesarean section births) with no platelet transfusions, and no excessive bleeding was reported; another patient received prophylactic platelet concentrates prior to two deliveries, although she had never experienced a bleeding episode.
No correlation between bleeding tendency and any of the investigated laboratory features was identified.
Platelet count
According to the data from the impedance counter, all of the subjects with the c.515C>T mutation had platelet counts lower than 150¥10 9 /L; however, thrombocytopenia was usually mild (mean platelet count 81¥10 9 /L) and only 18 patients had a platelet count lower than 50¥10 9 /L. Moreover, a comparison of the platelet count obtained by three independent methods in 23 patients ( Table 2) revealed that the impedance counter overestimated the degree of thrombocytopenia with respect to both the optical counter and manual counting in a Neubauer chamber (P<0.001 for both methods). Of note, optical counting and manual counting revealed that, respectively, two and three of the 23 subjects who were classified as thrombocytopenic based on impedance counting actually had platelet counts at the lower limit of the normal range. This discrepancy is not surprising because it is well known that electronic counters often fail to recognize and count large platelets; this problem is more common with impedance instruments than with optical counters. Thus, these laboratory instruments often underestimate the platelet count in subjects with macrothrombocytopenia. 11
Platelet size
Quantification of the mean platelet diameter in 81 patients (Table 1) revealed that the patients' platelets were 50% larger than the platelets from controls (P<0.001). This difference was even greater when the mean platelet volume was analyzed (Table 2) : the mean platelet volume in the 23 patients who had their platelets evaluated by the optical counter was 83% higher than that of the controls (P<0.001). The impedance counter did not calculate a mean platelet volume for the majority of the patients because there were abnormalities in their platelet volume distribution curves (data not shown); thus, impedance counters are limited in their ability to evaluate macrothrombocytopenias.
In vitro platelet aggregation
In vitro platelet aggregation in response to ADP and collagen was within the normal range for all of the 23 patients studied. Platelet aggregation in response to ristocetin 1.5 mg/mL ( Table 2) was decreased in five patients (mean increase in light transmittance 22±11.4%) and normal in the remaining 18 subjects (mean increase in light transmittance 82±13.6%; range for normal subjects 50-100%). All of the five patients who did not respond normally to ristocetin 1.5 mg/mL showed a normal response after stimulation with 3 mg/mL ristocetin. The normal aggregation in response to the high dose of ristocetin and the observation that the GPIb/IX/V complex was about 50% of control (see below) excluded that these five subjects were affected by a biallelic form of BSS.
Platelet flow cytometry
Flow cytometry analysis of platelet receptor expression levels was performed in 37 patients from 16 families. Monoclonal antibody binding ( Figure 1 ) indicated that GPIIb-IIIa and GPIa expression was slightly increased compared to that of the controls (P<0.05 and P<0.001, respectively), while the level of expression of all the GPIb/IX/V complex components was significantly reduced (P<0.001). These results corroborate our previous data from four Bolzano patients 7 with the only notable exception that the binding of SZ2 and MB45 to GPIbα was reduced to a similar extent while in our previous study the binding of SZ2 was lower than that of MB45, which led us to hypothesize that the MB45 was less sensitive to the conformational change in the protein caused by the Bolzano mutation.
Serum thrombopoietin level
The serum thrombopoietin level was measured in 46 patients. The mean value for the patients (24.6±21.9 pg/mL, range 6.9-64.5 pg/mL) was approximately twofold greater than that of 50 healthy subjects (14±10.8 pg/mL, range 6.9-54.4 pg/mL). Interestingly, the throm- bopoietin level that we measured in our Bolzano patients is similar to that recently observed in a case series of patients with idiopathic thrombocytopenic purpura (38.3±46.0 pg/mL). 16 Because thrombopoietin is internalized and degraded by platelets and megakaryocytes, 17 the thrombopoietin serum concentration is inversely related to the total megakaryocyte and platelet mass. Therefore, our data indicate that Bolzano patients do not have a reduced megakaryocyte mass.
Discussion
The history of inherited thrombocytopenias is strictly connected to that of platelet counting. Until the introduction of automated platelet counters in the late 1970s, the platelet count was visually quantified with a microscope and a counting chamber. Because this method is time-consuming, platelet counts were usually performed only on patients with a bleeding diathesis. Thus, only severe forms of inherited thrombocytopenia were diagnosed. The 1990 edition of Williams Textbook of Hematology 18 describes four inherited thrombocytopenias: BSS, Wiskott-Aldrich syndrome, gray platelet syndrome and May-Hegglin anomaly. At that time, BSS was described as an autosomal recessive disorder. The widespread use of electronic counters in the 1990s made platelet counting a routine analysis, and several new forms of mild thrombocytopenia with trivial or no bleeding diathesis have since been discovered; currently there are more than 20 forms of inherited thrombocytopenias. In particular, thrombocytopenic patients with monoallelic mutations in GPIbα have been identified, including six Italian families that carry the p.Ala156Val substitution in GPIbα. [4] [5] [6] [7] BSS is therefore now classified as a recessive disease that can occasionally be inherited as a dominant disease.
Genetic analyses of the Bolzano mutation in our familial case series indicated that this monoallelic mutation was a frequent cause of inherited thrombocytopenia. In fact, our database of 216 cases of inherited thrombocytopenia observed during the last 10 years includes 42 pedigrees with monoallelic, dominant BSS caused by the Bolzano mutation; 22 of the pedigrees have MYH9-related disease, 21 have thrombocytopenia 2 (THC2), 16 and 10 pedigrees have the classic biallelic, recessive form of BSS. 1 Thus, in our experience the monoallelic Bolzano mutation is the most frequent cause of inherited thrombocytopenia. Since most of the patients included in our database are of Italian origin, we are tempted to conclude that BSS due to monoallelic Bolzano mutation is the most frequent inherited thrombocytopenia in Italy. However, we cannot exclude recruitment bias, since we first described this form of thrombocytopenia 7 and it is, therefore, possible that for this reason patients with this suspected diagnosis have been referred to us more frequently than those with other suspected diagnoses.
Because the carriers of the Bolzano substitution share the rare T-T-B haplotype, it is likely that this mutation arose from a unique event that occurred on an ancestral Italian chromosome. The observation that most of the affected families were from southern Italy further supports this hypothesis of a founder effect. However, the Italian population has emigrated all over the word during the past century. Although no cases of BSS due to the monoallelic Bolzano mutation have been described outside Italy, we cannot exclude the existence of similar undiagnosed and unreported cases in other countries.
The observation that many of our patients were initially misdiagnosed with immune thrombocytopenia indicates that diagnosis of this form of BSS may be difficult. In particular, the genetic origin of thrombocytopenia may not be acknowledged in patients whose low platelet count is incidentally detected during adulthood, especially when they do not have a documented history of thrombocytopenia. Thus, we suggest that the thrombocytopenia caused by the p.Ala156Val mutation should be considered in all cases in which thrombocytopenia is present from birth. Although the presence of large platelets may be indicative of the Bolzano mutation, a platelet size in the upper part of the normal range does not exclude this genetic mutation. Moreover, although some patients with the Bolzano mutation demonstrate reduced aggregation in response to intermediate doses of ristocetin, most patients display a normal response. Flow cytometry provided the most evocative results because commercially available monoclonal antibodies against the GPIb/IX/V complex components exhibited reduced binding to the patients' platelets. Genotyping is also a useful diagnostic strategy, because the p.Ala156Val mutation can be detected by a restriction enzyme assay, which is a rapid and easy diagnostic assay. Raising the awareness about this form of hereditary thrombocytopenia will certainly increase the rate of correct diagnosis reducing the risk of inappropriate treatments for these patients.
Despite the genetic homogeneity among our patients, the degree of thrombocytopenia, platelet macrocytosis and bleeding tendency were all variable. It has been suggested that the common Gln43Pro variant of b1-tubulin is associated with reduced platelet production, abnormal platelet shape and a predisposition to bleeding. 9, 14, 15 We, therefore, hypothesized that this polymorphism may modulate the BSS phenotype in our patients. However, further genetic analyses for Gln43Pro did not identify a genotype-phenotype correlation. Thus, other as yet unknown genetic and/or environmental factors may modify the phenotype of patients with the monoallelic Bolzano mutation.
One question raised by our study is whether the term BSS is appropriate for patients with the monoallelic Bolzano mutation. BSS is defined as thrombocytopenia with large platelets and platelet dysfunction due to quantitative or qualitative defects in GPIbα. The platelet count was low in all but two of the patients with the Bolzano mutation, and their mean platelet diameter was larger than that of controls. Flow cytometry analysis of platelet receptor expression revealed that GPIbα was defective, and the mean extent of platelet aggregation with ristocetin was at the lower limit of the normal range, with 17% of the investigated subjects demonstrated a clearly decreased response. Moreover, the bleeding tendency in symptomatic patients was disproportionate to the degree of thrombocytopenia, which suggests that platelet dysfunction contributes to the bleeding tendency. Thus, all of the defects that characterize BSS were present in patients with the monoallelic Bolzano mutation, although the symptoms were less severe than those of patients with the recessive biallelic form of the disease. Thus, we suggest that the form of thrombocytopenia described here should be classified as a mild form of BSS. Because the clinical and laboratory features of the few reported cases of thrombocytopenia with monoallelic mutations in GPIbα other than the Bolzano mutation are similar to those of our patients, [4] [5] [6] we propose that the term monoallelic dominant BSS be used for this mild form of inherited thrombocytopenia. This term would distinguish this form of the disease from that in both the BSS carriers with monoallelic mutations who are asymptomatic and that in patients with the more severe, recessive biallelic form.
Another interesting question is why some monoallelic mutations result in the mild form of BSS while other mutations do not affect the phenotype. Interestingly, microdeletions within chromosome 22q11 which result in the loss of one GPIBB allele (velocardiofacial syndrome) reduce the surface expression of GPIb/IX/V by 50%; however, in most cases, these mutations do not induce thrombocytopenia or platelet macrocytosis. 19 Thus, 50% expression of the GPIb/IX/V complex appears to be sufficient for normal megakaryopoiesis and platelet production. Based on this observation, it seems reasonable to hypothesize that a few BSS mutations in GPIbα, namely the Bolzano mutation, p.Asn41His, 6 p.Tyr54Asp 5 and p.Leu57Phe 4 exert a dominant effect that affects the platelet count and platelet size also when 50% of the wild-type protein is expressed. In contrast, most BSS mutations do not consistently cause thrombocytopenia in the presence of one normal allele, although some mutations, such as p.Tyr88Cys in GPIbb, 20 result in the production of larger platelets. Not enough data are presently available to unravel the molecular mechanisms that underlie these differences, and further studies on the transcription and translation of mutated genes, as well as on the processes that regulate the assembly of the GPIb/IX/V complex, are required to fully understand the pathogenesis of BSS.
In conclusion, our study indicates that the monoallelic Bolzano mutation is a frequent cause of macrothrombocytopenia in Italy and that this mutation induces a mild form of BSS. Further analyses in other countries will reveal whether this form of the disease is exclusive to Italy or whether it also affects other populations.
